Tripeptidyl-peptidase I (TPP I, CLN2 protein) is a lysosomal exopeptidase that sequentially removes tripeptides from the N termini of polypeptides and shows a minor endoprotease activity. Mutations in TPP I lead to classic late-infantile neuronal ceroid lipofuscinosis, a neurodegenerative lysosomal storage disease. TPP I proenzyme is converted in lysosomes into a mature enzyme with the assistance of another protease and is able to autoactivate in acidic pH in vitro via a unimolecular mechanism. Because autoactivation in vitro at the pH values reported for lysosomes generated inactive enzyme, we intended to determine whether physiologically relevant factors can modify this process to also make it plausible in vivo. Here, we report that high ionic strength and glycosaminoglycans (GAGs) increase yields (ionic strength) or yields and rates (GAGs) of activation, enhance degradation of liberated TPP I prosegment fragments, and switch effective autoactivation of TPP I proenzyme toward less acidic pH values (up to pH 6.0). Although ionic strength and GAGs also inhibited TPP I activity in vitro and in living cells, the degree of inhibition (from 20 to 60%) appears to be of rather limited functional significance. Importantly, binding to GAGs improved thermal stability of TPP I and protected the enzyme against alkaline pH-induced denaturation in vitro (t1 ⁄2 of mature enzyme at pH 7.4 increased by ϳ8-fold in the presence of heparin) and in vivo (ϳ2-fold higher loss of TPP I in cells deficient in GAGs than in control cells after bafilomycin A1 treatment). These findings elucidate a potent physiologically relevant mechanism of TPP I regulation by GAGs and suggest that generation of the active enzyme via autoactivation can be accomplished not only in vitro but in vivo as well.
Tripeptidyl-peptidase I (TPP I, CLN2 protein) is a lysosomal exopeptidase that sequentially removes tripeptides from the N termini of polypeptides and shows a minor endoprotease activity. Mutations in TPP I lead to classic late-infantile neuronal ceroid lipofuscinosis, a neurodegenerative lysosomal storage disease. TPP I proenzyme is converted in lysosomes into a mature enzyme with the assistance of another protease and is able to autoactivate in acidic pH in vitro via a unimolecular mechanism. Because autoactivation in vitro at the pH values reported for lysosomes generated inactive enzyme, we intended to determine whether physiologically relevant factors can modify this process to also make it plausible in vivo. Here, we report that high ionic strength and glycosaminoglycans (GAGs) increase yields (ionic strength) or yields and rates (GAGs) of activation, enhance degradation of liberated TPP I prosegment fragments, and switch effective autoactivation of TPP I proenzyme toward less acidic pH values (up to pH 6.0). Although ionic strength and GAGs also inhibited TPP I activity in vitro and in living cells, the degree of inhibition (from 20 to 60%) appears to be of rather limited functional significance. Importantly, binding to GAGs improved thermal stability of TPP I and protected the enzyme against alkaline pH-induced denaturation in vitro (t1 ⁄2 of mature enzyme at pH 7.4 increased by ϳ8-fold in the presence of heparin) and in vivo (ϳ2-fold higher loss of TPP I in cells deficient in GAGs than in control cells after bafilomycin A1 treatment). These findings elucidate a potent physiologically relevant mechanism of TPP I regulation by GAGs and suggest that generation of the active enzyme via autoactivation can be accomplished not only in vitro but in vivo as well.
Tripeptidyl-peptidase I (TPP I, 1 CLN2 protein) (EC 3.4.14.9) is the first mammalian representative of a growing family of serine carboxyl peptidases or sedolisins (1) . However, unlike other sedolisins that show endopeptidase activity, TPP I acts as an exopeptidase that sequentially removes tripeptides from polypeptides with unsubstituted N terminus (2-4), demonstrating only minor endoprotease activity (5) . TPP I is the only hydrolase with tripeptidyl-peptidase activity identified to date in lysosomes of mammalian cells. Cytoplasmic tripeptidyl-peptidase II, another enzyme with tripeptidyl-peptidase activity, shows no structural homology to TPP I and is functionally associated with the proteasome (6) .
The increased interest in TPP I in recent years resulted from the fact that mutations in this protein lead to a fatal neurodegenerative lysosomal storage disorder of early childhood, classic late-infantile neuronal ceroid lipofuscinosis (CLN2, JanskyBielschowsky disease) (7, 8) . This disease has onset at the age of 2-4 years with seizures followed by progressive blindness, dementia, and cerebellar, pyramidal, and extrapyramidal signs and is associated with widespread accumulation of storage material in lysosomes and severe neuronal loss and gliosis in brain tissue. Affected individuals usually die at 8 -14 years of age (9, 10) . TPP I expression is developmentally regulated (11, 12) . In adults, this enzyme is widely distributed in many tissues and types of cells showing strong immunoreactivity in cells with endocrine function (12) . Natural substrates of the enzyme are unknown. However, TPP I degrades in vitro several neuropeptides and peptide hormones including glucagon, substance P, sulfated cholecystokinin-8, angiotensin II and III, and neuromedin B (4, 13, 14, 16) . Synthetic amyloid-␤ peptides 1-42 and 1-28 (14) and subunit c of mitochondrial ATP synthase (14, 17) , a proteolipid that constitutes ϳ85% protein content of the CLN2 storage (18) , also are degraded in vitro. Given that TPP I releases Gly-Pro-X triplets from synthetic collagen-like polymers and that an inhibitor of TPP I inhibits osteoclastic bone resorption in vitro, it was also proposed that TPP I is involved in the degradation of bone collagen (3) . Recently, decreased expression of TPP I was found in fibroblasts from lung fibrosis (19) , whereas increased TPP I immunoreactivity was disclosed in some neurodegenerative, inflammatory, and lysosomal storage disorders as well as several types of neoplasms (12) . Interestingly, from 2-to 17-fold, higher TPP I activity was reported in breast cancer, which correlated positively with the levels of cathepsin D, a known breast cancer biomarker (20) . Thus, it appears that TPP I is involved in numerous vital biological processes and its activity is critical for the proper function and survival of the neuronal cells in the central nervous system.
Human TPP I cDNA encodes a preproenzyme of 563 amino acid residues, which includes a 19-amino acid signal peptide cleaved off cotranslationally, a 176-amino acid prodomain removed during the maturation process, and a mature enzyme of 368 amino acid residues (7, (21) (22) (23) . The enzyme utilizes in vivo all five potential N-glycosylation sites, and N-glycans ensure proper folding, stability, and transport of TPP I to lysosomes (24) . The cleavage of TPP I prodomain in vivo takes place in lysosomes and appears to be facilitated by 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride-sensitive serine protease (23) . Similar to many other proteases, TPP I is also able to autoactivate in acidic pH in vitro (22) , which as we have shown recently is accomplished through an intramolecular (in cis) mechanism (25) . Autoprocessing of pro-TPP I in vitro and generation of the mature enzyme can be carried out in a broad range of pH values up to 6.2 (depending on the type of buffer used). However, the acquisition of enzymatic activity in vitro proceeds in a narrow pH range (usually 3.6 -4.2) and the mature, inactive enzyme generated during pro-TPP I autoactivation at higher pH (4.5 and above) contains N-terminal extensions starting at 6 and 14 amino acid residues upstream of the prosegment/mature enzyme junction. All of these data suggested that a lysosomal milieu with pH values usually in the range of 4.5-5.5 (26 -30) does not favor the generation of mature, active TPP I by autoactivation in cis of pro-TPP I, implying that proteolytic cleavage of pro-TPP I by another protease could predominate in vivo.
To further explore this issue, we conducted experiments to determine whether factors other than transproteolysis by another protease might facilitate the activation of human pro-TPP I. Here, we report that physiologically relevant factors, namely ionic strength and negatively charged compounds (glycosaminoglycans or GAGs), modulate the activation and activity of TPP I both in vitro and in vivo. We also demonstrate that binding to GAGs improves the thermal stability of TPP I and significantly protects the enzyme against alkaline pH-induced denaturation. These data show a potent influence of GAGs on the biology of TPP I and also suggest that human enzyme can utilize in vivo both in cis and in trans mechanisms of activation.
EXPERIMENTAL PROCEDURES
Materials-Heparin (sodium salt, M r 6,000 -30,000 and 3,000), dextran sulfate (M r 8,000, 60,000, and 500,000), heparan sulfate (from bovine kidney), dermatan sulfate (chondroitin sulfate B from porcine intestinal mucosa), and poly-L-lysine (M r 14,400) were purchased from Sigma. Cell culture components were from Invitrogen. Western blotting reagents were purchased from Bio-Rad and Amersham Biosciences. Protease inhibitor mixture (Complete) and FuGENE 6 transfection reagent were from Roche Applied Science. The endoproteolytic substrate peptide MOCAc-Gly-Lys-Pro-Ile-Pro-Phe-Arg-Leu-Lys-(Dnp)-r-NH 2 (peptide 1) (5) was provided by Genemed Synthesis. Monoclonal antibodies (mAbs 8C4 and 2E12), which we raised to human recombinant TPP I expressed and purified from Escherichia coli, were described previously (12, 23) . All other chemicals were from Sigma.
Purification of Human pro-TPP I-Human pro-TPP I was purified from serum-free secretions of CHO-DHFR neg cells (ATCC CRL-9096) stably transfected with plasmid encoding the full-length human pro-TPP I as described earlier (25) .
SDS-PAGE and Western Blotting-Samples were solubilized in the reducing sample buffer, boiled for 5 min, and loaded onto 10% Tris/ Tricine SDS-PAGE. Electrophoretically separated proteins were electrotransferred onto nitrocellulose membranes. Membranes were subsequently blocked with 5% nonfat dry milk in phosphate-buffered saline (PBS) with 0.05% Tween 20, incubated overnight with mAb anti-TPP I, washed extensively in PBS with 0.05% Tween 20, incubated with peroxidase-conjugated secondary antibodies diluted 1:5,000, and developed by using the ECL.
Time-course Analysis of Pro-TPP I Activation and Processing-Unless otherwise indicated, 2ϫ concentrated stock solutions of purified pro-TPP I at the concentration specified in the figure legends (final concentrations) were prepared in 2 mM Tris, pH 8.0, 0.2% Triton X-100, mixed at 0 time with an equal volume of 200 mM sodium acetate (activation buffer), and maintained either at room temperature (25°C) or 37°C. At the indicated time, an aliquot of 10 l was withdrawn and combined with either 10 l of 0.5 M NaOH (for Western blot analysis) or 40 l of 200 mM sodium acetate, pH 5.0 (for TPP I activity measurement).
TPP I Activity Measurement-Unless otherwise stated, TPP I activity was measured in the presence of 100 M substrate Ala-Ala-Pheaminomethylcoumarin (AAF-AMC), 0.1% Triton X-100, 0.1 M sodium acetate, pH 5.0, in a total volume of 100 l. TPP I activity measurement at pH 5.0 was selected to ensure that no further activation took place while TPP I activity was assessed (25 Heparin-Agarose Affinity Chromatography-TPP I obtained by activation of pro-TPP I (at 2.5 M) for 2 h at pH 3.5 and 37°C was diluted 10-fold with the column equilibration buffer at the desired pH and analyzed on a 1-ml HiTrap (Amersham Biosciences) column customfilled with heparin-agarose resin (Bio-Rad) and used at room temperature at a flow rate of 1 ml/min. Automated method scouting was used to achieve a desired buffer pH by usingÄKTA Explorer high pressure liquid chromatography, Unicorn software (both from Amersham Biosciences), and the following solutions: Cell Culture and Transfection-Control Chinese hamster ovary cells (CHO K1, ATCC CCL-61) and CHO cells deficient in xylosyltransferase 1 (pgsA-745, ATCC CRL-2242) were maintained in Ham's F-12 growth medium supplemented by 10% fetal calf serum, 2 mM glutamine, and antibiotics at 37°C in a humidified atmosphere with 5% CO 2 . One day before transfection, cells were seeded on 35-mm culture dishes. Cells were transfected with the cDNA encoding wild-type human pro-TPP I cloned into the KpnI/NotI site of pcDNA3.1Hygro as described earlier (23) by using the FuGENE 6 transfection reagent according to the manufacturer's recommendation. 72 h after transfections, bafilomycin A1 was added to the culture media for 3 and 6 h (final concentration 100 nM) and then cells were lysed in 1% Triton X-100, 50 mM Tris, pH 7.4, and protease inhibitor mixture (Complete) supplemented with pepstatin A (lysis buffer) and TPP I was assessed by using Western blotting and enzymatic activity assay.
TPP I Uptake Experiments-For standard uptake assays, confluent CHO K1 and CHO pgsA-745 cells plated in 35-mm Petri dishes were rinsed twice with 2 ml of F-12 medium and then were maintained for 4 and 24 h at 37°C in serum-free medium (Opti-MEM I) containing 10 g/ml human pro-TPP I. Afterward, cells were washed in PBS, harvested with trypsin/EDTA solution to remove cell membrane-associated pro-TPP I, centrifuged twice at 2,000 ϫ g for 2 min (first in full medium and then in PBS), and lysed as above.
RESULTS

The Effect of Ionic Strength on Autoactivation of Pro-TPP I-It
was demonstrated that, during the activation of numerous zymogens including pepsinogen, procongopain, and yeast proteinase A, the reaction rate is a function of ionic strength (31) (32) (33) . Although the theoretical isoelectric point (pI) of TPP I proenzyme (ϳ5.91) is similar to the predicted pI of the prosegment (ϳ6.12, excluding 19-amino acid signal peptide), the charge density of the prosegment polypeptide is distinctly higher than that of the mature TPP I. Thus, similarly to other lysosomal proenzymes, multiple salt bridges between the prosegment and the mature enzyme might form, stabilizing the prosegment-mature enzyme complex in its zymogen form. To study the role of ionic interactions in stabilization of the prosegment-mature enzyme complex in its zymogen form, we first analyzed the autoactivation of the pro-TPP I in the presence of NaCl at 0, 150, or 1,000 mM in the pH range of 3.5-6.0 for 15 and 120 min. As illustrated in Fig. 1 , pro-TPP I was fully activated at pH 3.5 after only 15 min of activation in 50 mM sodium acetate buffer, independent of NaCl concentration. In the presence of 1 M NaCl (but not 150 mM NaCl), significant activation also was observed at pH 4.0 (Fig. 1, left panel) . After 120 min of incubation, the activation of pro-TPP I in vitro at pH 4.0 was still very limited without the addition of salt to the reaction buffer ( Fig. 1, right  panel) . However, at this pH, the enzyme was fully activated in the presence of 1 M NaCl and significantly activated in the presence of 150 mM NaCl. Under the experimental conditions employed, no pro-TPP I activation was observed at pH 4.5 and above, irrespective of NaCl concentration. These data, in agreement with our earlier observations (25) , demonstrate that pro-TPP I activation in vitro takes place in a narrow pH range and show that, although a high ionic strength environment can enhance the activation at pH 4.0, it cannot initiate activation at pH higher than that.
Activation of pro-TPP I in vitro is characterized by exponential kinetics at pH 3.5 and sigmoidal kinetics at pH 4.0 (25) . To determine whether ionic strength can affect the kinetics of pro-TPP I activation, we analyzed in greater details the activation of pro-TPP I as a function of time and NaCl concentration by using a discontinuous method. As depicted in Fig. 2 (left panel), the kinetics of pro-TPP I autoactivation at pH 3.5 only slightly inversely correlated with salt concentration. Although increased NaCl concentrations somewhat reduced the rates of activation (which might have resulted from the direct effect of NaCl on TPP I activity (see below)), the overall yield of active TPP I was not dependent on ionic strength. In contrast, the rates of pro-TPP I activation at pH 4.0 were independent of the ionic strength of the buffer (Fig. 2, right panel) ; however, the yield of the active enzyme strongly correlated with salt concentration (Fig. 2 , right panel, inset) and NaCl at 1 M led to an ϳ8-fold increase in the amount of active enzyme generated in comparison to control samples incubated in 100 mM acetate buffer without the addition of NaCl. Interestingly, the sigmoidal activation curve characteristic for pro-TPP I activated at pH 4.0 (25) was preserved even in the highest NaCl concentration. These data suggest that ionic strength affects the yields but not the rates or the mechanism of pro-TPP I activation in vitro.
The Effect of Ionic Strength on Activity of TPP I-The pH optimum of exopeptidase activity of TPP I toward a reporter substrate (AAF-AMC) is ϳ5.0 (3, 5). To evaluate whether the ionic strength might directly affect the activity of TPP I, the activity of mature TPP I was assayed in the presence of various NaCl concentrations at pH 3.5, 4.0, and 5.0. As illustrated in Fig. 3 , NaCl slightly inhibited TPP I activity. In addition, at any given NaCl concentration, the inhibition of TPP I activity was the highest at pH 5.0 and then at 4.0 and 3.5. However, even at pH 5.0 and 2 M NaCl, there was only a ϳ22% decrease in TPP I activity in comparison with control samples assayed without NaCl.
The Effect of GAGs on Pro-TPP I Maturation in Vitro-It was demonstrated that negatively charged compounds, such as dextran sulfate (DS), are able to accelerate the processing of several lysosomal enzymes including cathepsins B and L (34, 35) .
Hence, we first have tested the effect of the selected model polyanions (DS and heparin) on pro-TPP I maturation in vitro and compared it to the effect of a positively charged compound, poly-L-lysine. To this end, we studied the activation of pro-TPP I incubated for either 15 or 120 min at 37°C in the absence or presence of tested compounds as a function of pH (3.5-6.0). As illustrated in Fig. 4A , the effect of polyanions on pro-TPP I strongly depended on the pH of the activation solution. At pH 3.5, both heparin and DS inhibited pro-TPP I activation after 15 min but not after 120 min of incubation. However, at pH 4.0 and 4.5, pro-TPP I activation occurred exclusively in the presence of DS and heparin under the experimental conditions used. During incubation of pro-TPP I with DS, an active TPP I was generated up to pH 5.5. The effect of heparin and DS on pro-TPP I activation was not dependent on the molecular size of GAGs tested (data not shown). Incubation with poly-L-lysine had no effect on pro-TPP I activation. Hence, both DS and heparin stimulated significantly the activation of pro-TPP I in vitro, and in their presence, autoactivation of pro-TPP I was possible in pH higher by approximately one unit than that of pro-TPP I activated alone (thus, up to pH 5.0 for TPP I incubated in the presence of heparin and even further away for DS).
To see how polyanions affect the processing of pro-TPP I, we analyzed aliquots of samples incubated in the presence or absence of tested polyanions by SDS-PAGE and Western blotting. As illustrated in Fig. 4B , pro-TPP I incubated alone in the sodium acetate buffer was rapidly processed at pH 3.5. Autoprocessing at pH 4.0 was relatively slow, and there was very limited processing at pH 4.5 and none above. The presence of heparin and DS in the incubation buffer led to early generation of mature TPP I at less acidic pH values. In fact, pro-TPP I was fully processed after 15 min of incubation in samples containing DS at pH 5.0 and limited processing was present even up to pH 6.0 after 120 min of incubation. There was a clear disparity between the autoprocessing of pro-TPP I in the presence of DS and acquisition of TPP I activity (i.e. compare the amount of mature TPP I in the presence of DS at pH 5.0 at 15 and 120 min in Fig. 4B and the activity of TPP I at these time points in Fig.  4A ). Also, there was little TPP I activity in pro-TPP I incubated for 120 min in the presence of heparin at pH 5.0 despite evident processing (compare Fig. 4, A and B) . We have described previously the delayed acquisition or lack of TPP I activity, even though the proteolytic cleavage of the zymogen was taking place (25) . Poly-L-lysine did not affect significantly the processing of pro-TPP I except for its slight stimulation after 15 min of incubation at pH 4.0. Interestingly, in the presence of GAGs in the activation mixture, degradation of the prosegment fragments of pro-TPP I generated during the autoprocessing was distinctly more effective in comparison with pro-TPP I activated alone (Fig. 4C) . To further explore the mechanism of the stimulatory effect of polyanions on pro-TPP I activation, we performed kinetic analyses (Fig. 5) . Time-course analysis of pro-TPP I activation at pH 3.5 demonstrated that DS did enhance the earliest step of activation; however, after ϳ3 min of activation, DS inhibited the activation of pro-TPP I in a dose-specific manner, leading to a switch of the exponential to a linear curve (Fig. 5A) . At pH 4.0, DS led to a robust activation of pro-TPP I (Fig. 5B) . A similar effect was observed for heparin (data not shown). Poly-L-lysine as well as bovine serum albumin had no effect on activation rates or efficiency of pro-TPP I activation. Interestingly, the presence of polyanions not only led to a higher activation rate and yields of TPP I (ϳ3-fold higher at 25 g/ml DS) but also to a disappearance of the characteristic lag phase normally observed for TPP I activated at this pH (25) . These results demonstrate that, similarly to other lysosomal proenzymes, increased negatively charged density afforded by DS and heparin can accelerate in vitro maturation of pro-TPP I.
The Effect of Charged Compounds on TPP I Activity-The shape of the pro-TPP I activation curves in the presence of polyanions suggested that, once TPP I is generated, polyanions have a negative effect on its activity. To verify whether negatively charged compounds can directly affect TPP I activity, the activity of mature TPP I was measured in the presence of low concentration of heparin and DS at various pH values. As demonstrated in Fig. 6A , heparin and DS exerted a moderate inhibition of TPP I activity in almost the entire pH range tested (3.5-5.5) with the exception of pH 6.0 where TPP I alone did not display any activity, whereas there was some residual TPP I activity measured in the presence of DS. To quantitatively assess the inhibitory effect of polyanions on TPP I activity, we measured the enzymatic activity of TPP I in the presence of serially diluted DS and heparin. Unexpectedly, as depicted in Fig. 6B , the plot of TPP I activity versus DS and heparin concentration revealed a concave bell-shaped curve. Initially, as the GAG concentration progressed from 0 to ϳ100 ng/ml, the activity of TPP I was falling down rapidly to reach a plateau with saturable inhibition at ϳ100 ng-100 g/ml and then it gradually increased with increased GAG concentration. The maximal percent inhibition was ϳ70% by DS and ϳ50% by heparin. A similarly shaped curve was obtained for endoproteolytic TPP I activity toward a respective substrate (peptide 1) in the presence of DS (data not shown). These data suggest that TPP I possesses two distinct binding sites for polyanions: 1) a high affinity inhibitory site and 2) a low-affinity stimulatory site. Nonlinear regression analysis of the activity data was used to calculate the 50% saturation of each site (IC 50 ) and is presented in the Fig. 6B , inset.
Because both NaCl and polyanions enhanced pro-TPP I activation, we next tested whether they acted through the same site on TPP I molecule or whether their effect might have been additive. To this end, pro-TPP I was preincubated either without or with 12.5 g/ml heparin and NaCl at various concentrations and then was activated for 30 min at 37°C and pH 4.0. As demonstrated in Fig. 7 , both NaCl and heparin apparently bound to the same site on pro-TPP I because, at a very high NaCl concentration, pro-TPP I activation was not dependent on the presence of heparin; however, it took ϳ2 M NaCl to abolish the effect of ϳ1 M heparin.
To quantify kinetically the effect of polyanions on TPP I activity, we measured initial rates of enzymatic activity of TPP I at different substrate concentrations and varying concentrations of DS (Fig. 8) . TPP I alone as well as in the presence of DS displayed the Michaelis-Menten characteristics when initial velocities were plotted against substrate concentration (data Fig. 8A . DS at ϳ1 g/ml increased the V max of the reaction only slightly, whereas the K m was increased ϳ10-fold. Hence, at this concentration, DS behaved as an allosteric inhibitor. However, at higher DS concentrations, the K m was not affected significantly, whereas the V max of the reaction significantly decreased. Thus, the catalytic efficiency (k cat /K m ) of TPP I was mostly restored (Fig. 8B) . The presence of 1 M NaCl led to a small increase of the K m and a small decrease of V max of TPP I (data not shown).
AAF-CMK is a specific TPP I inhibitor (4, 22) . To determine whether binding to polyanions might affect the interaction of TPP I with AAF-CMK, we measured the inhibitory activity (IC 50 , the concentration of the inhibitor required to reach 50% inhibition of TPP I activity) of AAF-CMK in the absence and presence of DS. As illustrated in Fig. 8C , DS at 12.5 g/ml increases the IC 50 of AAF-CMK by ϳ40%. These data demonstrate that DS does not bind directly to the substrate-binding site of TPP I.
TPP I Binds Heparin-Agarose-To demonstrate directly the binding of TPP I to polyanions, we have used affinity chromatography on heparin-agarose. At pH 3.5, TPP I bound to heparin was eluted from heparin-agarose column at ϳ0.3 M NaCl (Fig. 9A) . This interaction could be specifically disrupted by prior addition of 100 g/ml heparin to TPP I solution. In addition, TPP I binding to heparin-agarose displayed a strong pH dependence with decreasing binding in increasing pH of the (A and B, right panels,) , either alone or in the presence of 12.5 g/ml heparin, 12.5 g/ml dextran sulfate, or 33 g/ml poly-Llysine, and both activity (A) and processing of TPP I (B) were analyzed. Western blot was developed by using mAb 8C4 and ECL. C, pro-TPP I was activated in 50 mM sodium acetate, 0.1% Triton X-100, pH 4.0 and 4.5, either alone or in the presence of heparin or dextran sulfate (both at 12.5 g/ml) for 2 h at 37°C, and then samples were analyzed on silver nitrate-stained polyacrylamide gels. Bands migrating with an approximate molecular mass of ϳ12-20 kDa correspond to prosegment fragments (arrows) (25) . Please note that the values of activity obtained for TPP I incubated alone and TPP I incubated in the presence of poly-L-lysine at pH 4.0 -6.0 in A overlapped; therefore, the symbols for TPP I maintained in the presence of poly-L-lysine are not visible on the graph in A.
buffer (Fig. 9B) , suggesting that histidines rather than arginines/lysines are involved in the interaction of TPP I with GAGs.
The Effects of Glycosaminoglycans on Thermal and Alkaline pH Stability of TPP I-To
analyze whether polyanions might structurally stabilize TPP I, we first assessed the effect of heparin on the thermal stability of TPP I. According to the data shown in Fig. 10A , heparin incubated with TPP I in vitro at the temperatures indicated afforded ϳ10°C increase in thermal stability of the enzyme.
It was documented that TPP I purified from bovine brain was losing over 90% activity when stored at pH 7.4 for 14 h at 4°C and that no enzymatic activity remained when the enzyme was stored at pH Ͼ8.0 (14), indicating that mature TPP I is an acidic protease unstable at alkaline pH. Thus, in another set of experiments, we evaluated whether polyanions were able to protect mature TPP I against alkaline pH-induced inactivation. As demonstrated in Fig. 10B , heparin exerted a significant protection against TPP I inactivation in alkaline pH in vitro, extending the half-life of the enzyme incubated at pH 7.4 and 37°C from ϳ2.5 to ϳ21.5 min. These data imply that, upon binding to polyanions, the resistance of TPP I to heat-and alkaline pH-induced denaturation greatly improves.
To test whether GAGs protect TPP I against inactivation in alkaline pH also in living cells, we analyzed the level and 
FIG. 6. The effect of polyanions on TPP I activity in vitro.
A, TPP I activity in the absence or presence of either heparin or dextran sulfate (both at 12.5 g/ ml) was measured in 100 mM sodium acetate, 100 mM NaCl, 0.1% Triton X-100, pH 3.5-6.0. B, TPP I activity was measured in the presence of serially diluted dextran sulfate and heparin in 100 mM sodium acetate, 100 mM NaCl, and 0.1% Triton X-100, pH 5.0. The resultant data points were fit to a bell-shaped curve equation allowing calculation of the GAG concentration, giving the 50% saturation of TPP I activity inhibition (IC 50 ) and 50% saturation of the inhibition reversal (IC 50R ) (inset). specific activity of human TPP I transiently expressed in CHO K1 cells and CHO pgsA-745 cells. Heparan sulfate and chondroitin sulfate are the two major GAG chain types in CHO cells, and wild-type CHO cells produce ϳ70% heparan sulfate and 30% chondroitin 4-sulfate (36) . pgsA-745 CHO cells generated by means of chemical mutagenesis are defective in xylosyltransferase 1, an enzyme involved in the attachment of xylose to a specific serine residue of a core protein, which is the first step in the assembly of most GAGs with the exception of keratan sulfate and hyaluronan (37, 38) . As a consequence of xylosyltransferase deficiency, pgsA-745 CHO cells fail to synthesize both chondroitin and heparan sulfate chains. To increase lysosomal pH in living CHO cells, we used bafilomycin A1. Bafilomycin A1, an inhibitor of vacuolar ATPase, leads to an increase in pH in acidic vacuolar compartments including lysosomes and late endosomes that causes degradation of preexisting lysosomal enzymes (39, 40) . Under standard conditions, the level of endogenous TPP I is very low in both CHO K1 and pgsA-745 cells with a weak band visualized on immunoblots only after their longer exposure (see Fig. 12 ). Therefore, for these experiments, we used cells transiently expressing human pro-TPP I. As shown in Fig. 10C (upper and lower panels), bafilomycin A1 treatment reduced the level of mature TPP I more markedly in pgsA-745 than in CHO K1 cells at both time points analyzed. According to densitometry analysis of immunoblots, the levels of mature TPP I in CHO K1 cells were lower by around 22% after 3 h and around 48% after 6 h of bafilomycin A1 treatment, whereas the reduction of mature TPP I levels was ϳ50 and ϳ90% after 3 and 6 h of bafilomycin A1 treatment, respectively, in pgsA-745 mutant cells. The amounts of pro-TPP I after bafilomycin A1 treatment were increased in both pgsA-745 and CHO K1 cells, a finding reflecting mostly altered intracellular transport of proenzymes to lysosomes and altered processing of proenzymes in alkalized endosomal/lysosomal compartments (40 -42) . These findings indicate that GAGs assist in the protection of mature TPP I against alkaline pH-induced inactivation and/or degradation not only in vitro but also in living cells.
The Effect of Heparan Sulfate and Dermatan Sulfate on Activation and Activity of TPP I-Finally, we investigated the activation and activity of TPP I in the presence of heparan sulfate and dermatan sulfate (chondroitin sulfate B). In contrast to heparin, which is localized to storage granules of mast cells, heparan sulfate and dermatan sulfate are found in various types of cells and tissues both intracellularly (including endosomal/lysosomal compartments) at the plasma membrane and in the extracellular matrix (38, (43) (44) (45) . As shown in Fig.  11 , A-C, under in vitro conditions, both heparan sulfate and dermatan sulfate stimulated the activation of pro-TPP I (Fig.  11A) and inhibited the activity of the mature enzyme in a dose-dependent manner (Fig. 11B) . The maximal percent inhibition was ϳ60% by dermatan sulfate and ϳ40% by heparan sulfate at the highest concentration of tested GAGs (100 g/ ml). Similar to what we observed for DS, both of the tested GAGs also allowed for effective pro-TPP I activation in less acidic pH in a concentration-dependent manner. Lower doses of GAGs (up to 25 g/ml) allowed for pro-TPP I autoactivation at the pH up to 4.5 (data not shown). However, in the presence of 50 g/ml heparan sulfate, effective autoactivation of pro-TPP I proceeded even at pH 6.0 (Fig. 11C ).
To verify whether tested GAGs also affect TPP I activity in living cells, we compared TPP I activity in pgsA-745 cells that are deficient in heparan sulfate and chondroitin sulfate with that in wild-type CHO K1 cells. For these experiments, cells were either transiently transfected with human pro-TPP I and analyzed 72 h posttransfections or were maintained for 3 and 24 h in the culture medium supplemented with human pro-TPP I. Specific TPP I activity was measured afterward in cell lysates, and the values obtained were adjusted to the levels of TPP I polypeptide revealed by densitometry scanning of immunoblots and then presented as relative TPP I activity. As shown in Fig. 12 , the relative TPP I activity was distinctly higher (26 -54%) in cells deficient in GAGs than in control cells (Fig.  12, A and B, lower panels ). These data demonstrate that, similar to what we found in vitro, GAGs also inhibit the activity of TPP I in vivo. Please note that the levels of endocytosed TPP I polypeptides are lower in pgsA-745 mutant cells than in CHO K1 cells (Fig. 12A, upper panel) . This observation suggests that, although endocytosis and transport of TPP I to lysosomes depend on mannose 6-phosphate receptors (23, 46) , GAGs in some way facilitate this process. This possibility, pointing to a potential new role of GAGs in the trafficking of even those lysosomal hydrolases that utilize mannose 6-phosphate receptors, must be verified by further experiments.
DISCUSSION
Given that the values of the lysosomal pH most commonly reported are in the range of 4.5-5.5 (26 -30) , our previous studies suggested that lysosomal milieu could not favor effective autoactivation of pro-TPP I and its conversion to an active enzyme in vivo or that this process could be restricted to those cells that are able to acidify lysosomal milieu more prominently (47, 48) . In this respect, the effect of ionic strength and GAGs on TPP I activation we demonstrate at present bears high physiological significance. Because of their high apparent stimulatory activity at a low physiologic concentration, especially GAGs may play an important role in the biology of TPP I. As we have evidenced, polyanionic compounds not only are able to markedly enhance the yields and rates of pro-TPP activation, but what may be especially important, they also are extending pro-TPP I activation toward less acidic pH, bringing the feasibility of pro-TPP I autoactivation within the physiological pH range of lysosomes. Similar stimulatory effect of GAGs also was reported for two lysosomal cysteine proteases, pro-cathepsins B and L (34, 35, 49) . Interestingly, congopain, the major cysteine protease from Trypanosoma congolense, was activated in the presence of DS, even at a basic pH as high as 8.0 (33) . These findings suggest that, in the presence of GAGs, molecules that are ubiquitous in various cell types and in the extracellular matrix, pro-TPP I could autoactivate in vivo without the need for any external proteolytic activity, implying that in vivo the enzyme can utilize both methods of maturation: autoactivation and proteolytic cleavage by another protease. That transproteolysis of TPP I takes place in vivo was demonstrated by our earlier inhibitory studies (23) and by the fact that human TPP FIG. 7 . The effect of ionic strength on pro-TPP I activation in vitro in the presence of heparin. Pro-TPP I was activated in the absence or presence of 12.5 g/ml heparin in 100 mM sodium acetate, 0.1% Triton X-100, pH 4.0, at 37°C for 30 min in serially diluted NaCl, and the resultant TPP I activity was measured.
I with active-site nucleophile mutated (Ser 475 ) is processed both in primary cultured fibroblasts from a CLN2 patient (23) and when overexpressed in CHO cells (22) . 2 However, GAGs also exerted a potentially unfavorable biological effect on human TPP I by inhibiting its activity in vitro and in vivo. Inhibition of the activity of numerous lysosomal hydrolases by GAGs in vitro is well documented (50 -56) . For human leukocyte elastase and cathepsin G, the inhibition was classified as tight-binding, hyperbolic, and noncompetitive (51, 52, 54, 55) . It required the presence of sulfated groups and inversely depended upon the chain length of oligosaccharides (51, 52, 54, 57, 58) . The extent of inhibition of lysosomal hydrolases by GAGs varies, i.e. 4% control values was reported for human leukocyte elastase incubated in the presence of heparin (55), whereas arylsulfatase retained 80% control values when incubated with heparin or chondroitin sulfate (50) . Moderate inhibition of TPP I by physiologically relevant concentrations of those GAGs that are present in mammalian tissues (ϳ40, 50, and 60% maximal control values in the presence of dermatan sulfate, heparin, and heparan sulfate, respectively) appears to have a rather limited physiological relevance given that, under nonstressed conditions, usually only low activities of acid hydrolases are required (by many cells even as low as ϳ1%) (59) . Nevertheless, this inhibition may bear a potential biological significance in situations when cellular requirements for TPP I are elevated to a great extent and the local levels of GAGs are sufficiently high.
FIG. 8. Kinetic analysis of polyanion effect on TPP I activity in vitro.
Pro-TPP I at a concentration 12.5 nM was preactivated in 50 mM sodium acetate, pH 3.5, for 2 h at 37°C. Initial velocity rates were measured for TPP I in the presence of serially diluted dextran sulfate, and the resultant K m and V max (A) or catalytic efficiency (k cat /K m ) (B) was expressed as the function of DS concentration. C, serially diluted TPP I inhibitor (AAF-CMK) was preincubated for 5 min at room temperature with either TPP I alone or TPP I supplemented with 12.5 g/ml dextran sulfate, and residual TPP I activity was measured and analyzed by a nonlinear regression equation to calculate IC 50 .
FIG. 9.
Binding of TPP I to heparin-agarose. A, TPP I was preincubated either in the absence or presence of 100 g/ml heparin, and its binding to heparin-agarose was analyzed as described under "Experimental Procedures." B, the pH-dependent affinity of TPP I to heparin-agarose resin was measured as the concentration of NaCl necessary to elute the enzyme from the column at a given pH.
GAGs are linear polysaccharides that contain repeating disaccharide units with an amino sugar (either N-acetylglucosamine or N-acetylgalactosamine) and a uronic acid (glucuronic acid and iduronic acid). A variety of combinations of monosaccharides, different type of linkages, and branch formation as well as secondary modifications such as sulfation, phosphorylation, methylation, and acetylation visualize the unusual complexity of these sugar chains, which when covalently attached to proteins in proteoglycans carry a large body of biological information (38, 60 -62) . The interactions between GAGs and lysosomal enzymes are electrostatic in nature (50, 51) ; however, the molecular mechanisms responsible for the effect of GAGs on activation and activity of lysosomal hydrolases are still not entirely clear.
Heparin, DS, heparan sulfate, and chondroitin sulfate B have a different carbohydrate backbone structure, but all contain sulfate groups providing a negative charge, which suggests that their effect on both activation and activity of TPP I results from anionic charge density rather than specific structure, similar to what was proposed for interactions of GAGs with other lysosomal enzymes (55) . Further studies are necessary to characterize the polyanion-binding site(s) on TPP I molecule. Nevertheless, the effect of polyanions on both activation of pro-TPP I and activity of mature enzyme suggests that the binding site is localized in a mature portion of the enzyme. This contention is supported by the finding that polyanions only slightly protected the enzyme against inactivation by AAF-CMK, a specific TPP I inhibitor. Given that the steric hindrance to the access of the inhibitor to the enzyme active site imposed by the bound polyanions was limited, it appears that the binding site is not localized in direct proximity to the substrate-binding site. However, by kinetic analysis, the affinity of TPP I for the tripeptidyl substrate (Michaelis-Menten constant) in the presence of 10 ng-100 g/ml of DS was diminished. Because the effect of GAGs on TPP I activation was absent in high salt concentration, the binding site could involve a cluster of positively charged residues on the enzyme surface away from the substrate-binding site, similar to what was proposed for cathepsin K (63) and dissimilar for cathepsin B and papain where the polyanion binding site is localized close to the active site of these proteases (56) .
The bell-shaped curve of TPP I inhibition by both heparin and DS suggests that TPP I has at least two binding sites for these molecules with the opposite effects: a high affinity inhibitory site and a low-affinity stimulatory site. Because relatively high concentrations of heparin and DS are needed to saturate the stimulatory site, it can be assumed that, under most physiological conditions, only the inhibitory site would be occupied. Hence, the activity of TPP I would be moderately diminished.
The similar effect of various tested GAGs reported for chymotrypsin-and elastase-like enzymes of the human granulocytes led to the suggestion that the interaction of neutral proteases with GAGs depends on their ratio (53) . However, dermatan sulfate and heparan sulfate showed only an inhibitory effect on TPP I activity, nonsaturable even at the highest but still physiologically relevant concentrations we tested. These dissimilar- FIG. 10 . The effect of GAGs on the stability of TPP I. A, the effect of heparin on thermal stability of TPP I. Activated TPP I was incubated either in the absence or the presence of 12.5 g/ml heparin for 15 min at the indicated temperatures, and residual TPP I activity was measured. B, the effect of heparin on alkaline pH-induced TPP I inactivation. Activated TPP I at a concentration of 12.5 nM was incubated in 50 mM Tris, pH 7.4, 100 mM NaCl either in the absence or presence of 12.5 g/ml heparin for the indicated periods, and residual TPP I activity was measured. C, CHO K1 and CHO pgsA-45 transiently transfected with wild-type human TPP I were exposed to 100 nM bafilomycin A1 for 0, 3, and 6 h and then lysed. ities may stem from the higher negative charge density, resulting from the higher number of sulfate groups on disaccharide units of heparin and DS than of dermatan and heparan sulfate (64) , but further studies are needed to elucidate this phenomenon.
The opposing effect of polyanions on the activation and activity of TPP I and their conformation-stabilizing properties revealed by increased thermal stability and reduced alkaline pH-induced degradation of the enzyme also suggest that the binding site(s) of polyanions on the TPP I molecule might partially overlap with the prodomain binding site. For cathepsin L, it was proposed that DS unfolds the tertiary structure of the propeptide at pH values below ϳ5.5, thereby increasing its susceptibility to proteolysis (65) . However, no conformation changes of pro-cathepsin L during autoprocessing could be found by further studies (66) , and similarly, we could not detect any major conformation changes during pro-TPP I autoactivation (25) . Therefore, the mechanism proposed later on, implying that DS and related sulfated GAGs can substantially accelerate in vitro autoactivation of lysosomal proteases by weakening the interaction between the propeptide and the catalytic part (35) appears to be also relevant to the interactions of GAGs with TPP I. During the activation, the binding of polyanions to the mature portion of the pro-TPP I might interrupt the interaction of the prosegment with its cognate prote- FIG. 11 . The effect of dermatan sulfate and heparan sulfate on autoactivation and activity of TPP I in vitro. A, dermatan sulfate and heparan sulfate at the concentrations indicated were incubated with pro-TPP I in 50 mM sodium acetate, 50 mM NaCl, 0.1% Triton X-100, pH 4.0, at 37°C for 2 h, and the resultant TPP I activity was measured. B, preactivated TPP I was incubated for 10 min at room temperature with dermatan sulfate and heparan sulfate at the concentrations indicated, and residual TPP I activity was measured. C, 50 g/ml dermatan sulfate and heparan sulfate were incubated with pro-TPP I in 100 mM sodium acetate, 0.1% Triton X-100 at 37°C for 2 h at the pH indicated, and the resultant TPP I activity was measured. ase and displace the prodomain from the active site of the enzyme or misalign the interaction, rendering the junction site more vulnerable to the initial proteolytic scission. Our study also demonstrated that the prosegment fragments released during the autoprocessing of pro-TPP I in the presence of polyanions are degraded more efficiently than in pro-TPP I activated alone, suggesting that polyanions also enhance the susceptibility of the propeptides for proteolytic cleavage.
Both high salt concentration and polyanions enhanced the activation of pro-TPP I in vitro, either exclusively increasing the yields (NaCl) or improving the yields and rates (polyanions) of the activation and by shifting the pH of the activation (but not activity) to a less acidic range. Very high salt concentration stimulated the activation of pro-TPP I and inhibited the activity of mature enzyme almost as well as low concentrations of anionic polymers, which suggests a common mechanism of action. Because it took ϳ12.5% NaCl (2 M) to have the same stimulatory effect on pro-TPP I activation as 0.000125% heparin and 12.5% NaCl together, heparin appears to be 10 5 more efficient than NaCl in stimulating pro-TPP I activation. Even after taking into account the concentration of the heparin monomers in heparin solution, a strongly cooperative effect is evident in the binding of polyanions to TPP I in which many negative charges are held in juxtaposition versus the binding of chloride.
The physiological concentrations of GAGs in humans are in the range of nanograms/milliliters in serum, urine, and saliva, but concentrations in the range of 0.920 -160 g/ml for keratan sulfate in synovial fluid (67) or 15.2-65.4 g/ml for sulfated GAGs in human wound fluids (68) also were reported. High local concentration of GAGs may be encountered also within intracellular compartments, i.e. a 30 -40-fold increase of GAG content in liver from patients with mucopolysaccharidoses was noticed (69) . At physiological concentrations, GAGs increase the yields and rates of TPP I activation, allow for effective autoactivation at less acidic pH only moderately inhibiting the activity of mature enzyme generated, and at the same time, protect the enzyme against alkaline pH-induced degradation. Thus, in total, GAGs facilitate the biological effects of TPP I. In this respect, the association with GAGs not only could protect the enzyme against potential intralysosomal fluctuations of pH (70) but also makes more plausible the involvement of TPP I in extracellular biological processes. It was proposed that TPP I may be implicated in bone resorption. In fact, osteoclastoma served as a source of one of the first highly purified preparations of TPP I and AAF-CMK at 2 M inhibited bone resorption by osteoclasts by ϳ68% (3). That type I collagen constitutes 90 -95% organic bone mass (71) would suggest that TPP I possesses collagenase activity. Bone and cartilage contain numerous sulfated GAGs. Thus, the binding of secreted pro-TPP I to them could enhance the activation of the proenzyme and stabilize the enzyme, providing support to the idea that TPP I could be involved in extracellular degradation of collagen. Only when complexed to specific GAGs does cathepsin K possess triple helical collagenase activity (72) . It remains to be demonstrated directly whether TPP I is able to digest collagen and how polyanions contribute to this activity.
Other possible sites of extracellular action of TPP I are amyloid-␤ plaques, a pathological hallmark of Alzheimer's disease brain. The presence of TPP I in a subset of amyloid-␤ plaques (12) , its activity in vitro toward amyloid-␤ peptides (14) together with the occurrence of N-terminally truncated fragments of amyloid-␤ peptide starting at the fourth amino acid in amyloid-␤ plaques (73) , and the widespread occurrence of GAGs in the form of various proteoglycans in amyloid plaques (74, 75) render this intriguing possibility feasible. Furthermore, cell surface heparan sulfate proteoglycans are in a constant turnover as a result of their continuous secretion and endocytosis (76 -78) and proteins bound to heparan sulfate proteoglycans can be endocytosed together with proteoglycans (15, 79) . Thus, due to the binding to GAGs, which significantly protects TPP I against alkaline pH-induced inactivation, TPP I could be shielded from inactivation in the extracellular matrix, be taken up by cells, and remain active in acidic compartments. These hypotheses must be elaborated by further experiments; however, the results of our study indicating that GAGs can significantly affect the activation and stability of TPP I elucidate a potent locally operating mechanism of TPP I regulation that is of high physiological relevance.
